The mutation process is a classical evolutionary genetic process mainly based on the (random) substitutions of one base (A=Adenine, C=Cytosine, G=Guanine, T=Thymine) for another. Two analytical solutions derived here allow us to analyse in genes the occurrence probabilities of motifs (e.g. dinucleotides) after substitutions (in the evolutionary sense: from the past to the present) and, unexpectedly, also before substitutions (after back substitutions, in the inverse evolutionary sense: from the present to the past). We generalize on the alphabet {A, C, G, T} of the analytical solutions and of the properties derived on the alphabet {R, Y} (R=purine=A or G, Y=pyrimidine=C or T). Application of the theory is based on the analytical solution giving the probabilities of the 16 dinucleotides AA, . . . , TT in the protein (coding) genes of (nuclear) eukaryotes, viruses and prokaryotes and in (eukaryotic) introns after back substitutions (called primitive genes). After back substitutions, four of 16 dinucleotides-CG, TA, GT and AC-occur with low probabilities in each of these four primitive gene populations, except for CG in the primitive prokaryotic protein genes. In the primitive eukaryotic protein genes, the dinucleotide AT has also a significant low probability.
Introduction
The mutation process is a classical evolutionary genetic process that has been analysed by different theories (e.g. the neutral theory: Kimura, 1987; Nei, 1987) . There are several types of mutation: substitutions, transitions, transversions, missense mutations, nonsense mutations, silent mutations, insertions, deletions, etc. The type of mutations studied here are the (random) substitutions of one base (A=Adenine, C=Cytosine, G=Guanine, T=Thymine) for another. Substitutions are expressed as the mean number of substitutions per base site. The problem investigated here is the occurrence probability variation of motifs (e.g. dinucleotides) under substitutions.
Two analytical solutions derived in Section 2 allow us to analyse in genes the occurrence probabilities of dinucleotides after substitutions (in the evolutionary sense: from the past to the present) and unexpectedly, also before substitutions (after back substitutions, in the inverse evolutionary sense: from the present to the past). Different properties and a generalization to motifs of any base length are also derived from these formulas. This theoretical part is the generalization on the alphabet {A, C, G, T} of the analytical solutions and of the properties recently derived on the alphabet {R, Y} (R=purine=A or G, Y=pyrimidine=C or T) (Arque`s & Michel, 1993 , 1994 .
The application in Section 3 studies the inverse substitution process in four gene populations: the § Author to whom correspondence should be addressed. †Present address: Equipe de Biologie The´orique Universite´de Marne-la-Valle´e, Institut Gospard Monge, 2 rue de la butte verte, 93160 Noisy le Grand, France. protein (coding) genes of (nuclear) eukaryotes, viruses and prokaryotes and the (eukaryotic) introns with the analytical solution giving the probabilities of the 16 dinucleotides AA, . . . , TT before substitutions. Genes before (after back) substitutions are called primitive genes. Four dinucleotides-CG, TA, GT and AC-occur with low probabilities in each of these four primitive gene populations, except for CG in the primitive prokaryotic protein genes. On the other hand, the dinucleotide AT has a low probability in the primitive eukaryotic protein genes.
In the Discussion, the properties of the two analytical solutions allow us to understand in particular why the substitution process associated with probabilities can be analysed in both evolutionary senses and also why the substitution process in the inverse evolutionary sense can only be studied by analytical solution (exactly), while the substitution process in the evolutionary sense can be studied both by analytical solution (exactly) and computer simulation (approximately). The biological functions which may have these five dinucleotides (CG, TA, GT, AC and AT) in primitive genes are described. As the probabilities of these five dinucleotides in the inverse evolutionary sense are lower than their actual probabilities, they can be rare enough in primitive genes in order to be related to biological signals. The type of biological signals associated with each dinucleotide is deduced from the conserved location and the function of each dinucleotide in the actual genes. Therefore, in primitive genes, CG would be a gene activity signal of eukaryotes; TA, a stop signal of protein genes; GT or its complementary dinucleotide AC, a start signal of introns; and AT, a start signal of eukaryotic protein genes.
Theory
2.1.  Let s be a DNA sequence of base length l(s). This sequence s is subjected to (random) substitutions, i.e. random transformations of a base B into a base B', B, B' $ {A, C, G, T} and B$B', at random sites in s. Let x be the number of substitutions per base site (in short per base) in average, i.e. the total number of substitutions in s divided by the length l(s) of s. (Note: in the following, ''x substitutions'' always stand for ''x substitutions per base site in average'').
The substitition number of a base in a given site of a sequence subjected to substitutions per base site of mean x, follows a Poisson law of parameter x (see e.g. the classical proofs in Feller, 1968: 447; Kimura, 1987: 69; Nei, 1987: 40) .
We define F(x) (respectively G(x)) as being the probability that a base B, B $ {A, C, G, T}, in the sequence s before the substitution process is B (respectively B', B' $ {A, C, G, T} and B'$B) after x substitutions. Then, it can be proved that (similar to the formulas obtained with the one-parameter model of Jukes & Cantor, 1969) . 
k+1 . Therefore, the two following recurrence relations are obtained:
These two relations can be solved in function of k with the initial conditions for k=0 and k=1:
Then, the probability to have a base B (respectively B') at the substitution step k is equal to
Let x be the number of substitutions per base site in the sequence and let F(x) be the probability that a base B in the sequence before the substitution process is B after x substitutions. Then
(sum for all substitution steps k of the probability of a base site to be subjected to k substitutions (see also Arque`s & Michel, 1993) times the probability of having the base B at the substitution step k).
Let G(x) be the probability that a base B in the sequence before the substitution process is B' after x substitutions. Then 
where P i (t) represents the actual dinucleotide probabilities.
Proof.
(1) The formula deduced from the fact that the probability of the dinucleotide j, j $ [1, 16], giving the dinucleotide i, i $ [1, 16], after x substitutions, is
Let M x i be the event ''a dinucleotide randomly chosen in a sequence is after x substitutions of type i''. Then 
S 2. Dinucleotide probability before random substitutions (after random back substitutions).
of substitutions per base site in average between times 0 and the present (respectively t) (Scheme 2). Let y be the number of substitutions per base site on average between times t and the present, i.e. t=x+y. In Section 2.2, the reference time is time 0 (before the substitution process) while in the inverse problem, the reference time is the present (after the substitution process). In the following, ''x (respectively y) substitutions'' always stand for ''x (respectively y) substitutions per base site in average''. Therefore, the inverse problem consists in expressing
in the function
and more generally
in the function , 16] representing the alphabetical order of dinucleotides.
Proposition 2
with
(consequence of exponential properties)
(3) Particular case of formula (2) with y=t−x. It gives the actual dinucleotide probabilities in function of the primitive dinucleotide probabilities.
Remarks
The formula (1) is a particular case of formula (2) with x=0 and y=x.
Formula (1) converges as expected towards the random value 1/16=0.0625 when the number of substitutions, x, increases, whatever the dinucleotide i and whatever the dinucleotide probabilities P j (0) (consequence of negative exponentials).
Formula (1) can be generalized to a motif of a base length l:
This generalization with l=3 allows the codon probabilities after substitution to be studied.
         (   )
The problem here is the opposite of that in the previous section. Let t (respectively x) be the number
associated with formula (2) in Theorem 1 is
Then, formula (2) implies:
Then,
(5) Particular case of formula (4) with z=0.
Remarks Formula (5) will be used in the application in Section 3 to determine the dinucleotide probabilities after back substitutions in the protein genes of eukaryotes, viruses and prokaryotes and in the eukaryotic introns, the actual dinucleotide probabilities P j (t)=Q j (0) being computed from gene databases.
In contrast to formula (1), formula (5) does not converge when the number of substitutions, y, increases (see Section 2.4).
Formula (5) can be generalized to a motif of a base length l in the same way as for formula (1):
This generalization with l=3 allows the codon probabilities before substitutions to be studied.
     
The formula P i (x) gives the evolution of the dinucleotide probabilities when we go from the past to the present and when the number of substitutions increases from 0 to t (after substitutions). P i (x) can be obtained either exactly by analytical solution or approximately by computer simulation (simulation of random substitutions in simulated sequences).
The formula Q i (y) gives the inverse evolution of the dinucleotide probabilities when we go from the present to the past and when the number of substitutions decreases from t to 0 (before substitutions or after back substitutions). In contrast to P i (x), Q i (y) does not converge when the number of back substitutions, y,
T 1 Protein genes
Protein genes Protein genes Introns of eukaryotes of viruses of prokaryotes of eukaryotes 3. Application 3.1.     The inverse substitution process is studied in four gene populations obtained from release 34 of the EMBL Nucleotide Sequence Data Library as described in previous studies (see e.g. Arque`s & Michel, 1987 , for a description of data acquisitions): the eukaryotic (nuclear) protein (coding) genes (16371 genes, 23620 kb), the viral protein (coding) genes (5724 genes, 9098 kb), the prokaryotic protein (coding) genes (7271 genes, 8882 kb) and the (eukaryotic) introns (3196 genes, 3846 kb).
(Note: Due to the law of large numbers (see Arque`s & Michel, 1990b: p. 752, section 2.3.3 for the detail), frequencies computed with populations made of several thousands of genes are stable from a statistical point of view.)
The actual dinucleotide probabilities P j (t)=Q j (0) computed in these four gene populations are given in Table 1. Table 1 extends previous dinucleotide tabulations of organisms (Nussinov, 1981 (Nussinov, , 1984 McClelland & Ivarie, 1982; Smith et al., 1983; Burge et al., 1992) to large gene populations. Based on these actual dinucleotide probabilities (see Scheme 2 and Scheme 3 in the Discussion), the formula Q i (y) allows the dinucleotide probabilities after back substitutions to be determined (i.e. in primitive genes). In order to compute the formula Q i (y), it is easier to rewrite it as follows:
3.2.  The analytical solution Q i (y) applied to the protein gene populations leads to a maximum number, y max , of substitutions equal to 0.34 for the eukaryotes (Fig. 1) , 0.44 for the viruses (Fig. 2) and 0.50 for the prokaryotes (Fig. 3) . In introns, y max is lower and equal to 0.15 (Fig. 4) . This maximum number of substitutions is related to the dinucleotide CG in the F. 1. Occurrence probability of the 16 dinucleotides in the inverse substitution process for the protein genes of eukaryotes. The horizontal axis represents y, the number of back substitutions per base site, y $ [0, ymax=0.34]. The vertical axis represents the probabilities of the 16 dinucleotides. The actual dinucleotide probability at y=0 is equal to the dinucleotide frequency given in Table 1. F. 2. Occurrence probability of the 16 dinucleotides in the inverse substitution process for the protein genes of viruses. The horizontal axis represents y, the number of back substitutions per base site, y $ [0, ymax=0.44]. The vertical axis represents the probabilities of the 16 dinucleotides. The actual dinucleotide probability at y=0 is equal to the dinucleotide frequency given in Table 1. protein genes of eukaryotes and viruses and in introns, and to the dinucleotide TA in the prokaryotic protein genes. Note that CG and TA have a similar probability curve in the eukaryotic protein genes (Fig. 1 ).
In the eukaryotic protein genes (Fig. 1) , the five dinucleotides with the lowest probabilities at y max =0.34 are CG, TA, GT, AC and AT (ranged in increasing probabilities). These five dinucleotides have F. 3. Occurrence probability of the 16 dinucleotides in the inverse substitution process for the protein genes of prokaryotes. The horizontal axis represents y, the number of back substitutions per base site, y $ [0, ymax=0.50]. The vertical axis represents the probabilities of the 16 dinucleotides. The actual dinucleotide probability at y=0 is equal to the dinucleotide frequency given in Table 1. F. 4. Occurrence probability of the 16 dinucleotides in the inverse substitution process for the eukaryotic introns. The horizontal axis represents y, the number of back substitutions per base site, y $ [0, ymax=0.15]. The vertical axis represents the probabilities of the 16 dinucleotides. The actual dinucleotide probability at y=0 is equal to the dinucleotide frequency given in Table 1. probabilities Q i (0.34) at the maximum number of substitutions lower than their actual probabilities Q i (0) and are respectively associated with the five highest probability differences Q i (0)−Q i (0.34) ( Table 1 ).
In the viral protein genes ( Fig. 2 and Table 1 ), the six dinucleotides with the lowest probabilities at y max =0.44 and with the six highest probability differences Q i (0)−Q i (0.44) are CG, TA, GT, TC, GC and AC. Note that AC decreases faster than GC (Table 1 ).
In the prokaryotic protein genes ( Fig. 3 and Table 1 ), the four dinucleotides with the lowest probabilities at y max =0.50 and corresponding respectively to the four highest probability differences Q i (0)−Q i (0.50) are TA, GT, AG and AC.
In introns (Fig. 4 and Table 1), the five dinucleotides with the lowest probabilities at y max =0.15 and with the five highest probability differences Q i (0)−Q i (0.15) are CG, AC, GC, GT and TA. Note that TA decreases faster than GT decreasing faster than GC (Table 1) . Therefore, the dinucleotides occurring at least three times in these four sets are CG, TA, GT and AC. CG (respectively AT) occurs with a high probability in the protein genes of prokaryotes (respectively, of viruses and prokaryotes) (Figs 2 and 3 ).
Discussion
Two analytical solutions derived here allow us to determine the dinucleotide probabilities after substitutions (in the evolutionary sense: from the past to the present) as well as before substitutions (after back substitutions, in the inverse evolutionary sense: from the present to the past). Different properties and a generalization to motifs of any base length are also derived from these formulas. In particular, the generalization to a motif of base length 3 allows the codon probabilities under substitutions in both evolutionary senses to be analysed. Generalization to d-motifs, i.e. two motifs separated by any d bases such as in the autocorrelation function, is also obvious.
As the site and the order of previous substitutions are unknown, it is impossible to reproduce the effects of back substitutions in the exact nucleotide ordering of actual genes (unidirectional arrow between primitive and actual genes in Scheme 3). Unexpectedly,
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the actual genes Pi (0) unknown Qi (0) known S 3. Study of the substitution process in both evolutionary senses with probabilities associated with the genes.
some statistical measures of the substitution process can be inverted, allowing one to go backward in time.
If the substitution process is studied, not with the nucleotide ordering, but with probabilities, then it can be inverted. Indeed, the formula P i (x) giving the dinucleotide probabilities after x substitutions can be inverted and the inverse formula Q i (y) gives the dinucleotide probabilities before y substitutions (bidirectional arrow in the Scheme 3). The formula P i (x) can be obtained approximately by computer simulation (simulation of random substitutions in simulated sequences), but not the formula Q i (y). Therefore, the dinucleotide probabilities in primitive genes can only be determined by using the analytical solution Q i (y), the dinucleotide probabilities Q i (0) of actual genes being obtained from gene databases. The probability curve Q i (y) cannot be intuitively predicted as the formula Q i (y) is the sum of several exponential products. For example, the probability curve Q i (y) of TA in the viral protein genes (Fig. 2) , which is the fifth lowest one in actual genes (see also Q i (0) in Table 1 ), decreases with a slope crossing the probability curves of GC, TC and GT after back substitutions. Otherwise, the model relies on two basic assumptions: substitutions occur with the same probabilities at all sites and all substitutions are equally probable. These two assumptions can be considered as being verified at the gene population level (an average of several thousands of genes), explaining that the dinucleotide probabilities Q i (0) need to be computed in gene populations. The maximum number of substitutions with the formula Q i (y) is related to the two previous assumptions and is the limit of the model developed here to go backward in time.
This model with a unique mutation rate can obviously be extended by considering different mutation rates, for example a rate of transitions and a rate of transversions similarly to the two-parameter model (Kimura, 1980) or different rates according to the motif sites, etc. Finally, the identification of statistical properties in primitive genes, e.g. a few dinucleotides with low probabilities, implies some rules in the nucleotide ordering of these primitive genes (dashed arrow in the Scheme 3).
The application shows that the dinucleotide occurrence is not equiprobable in the four primitive gene populations studied: protein genes of eukaryotes, viruses and prokaryotes and introns after back substitutions. Indeed, four of the 16 dinucleotides-CG, TA, GT and AC-occur with low probabilities in each of these primitive populations, except for CG in the primitive prokaryotic protein genes. AT also has a low probability in the primitive eukaryotic protein genes. The probabilities of these five dinucleotides in the primitive genes are lower than their actual ones so that they may be related to biological signals-for example, one occurrence (ideally) of a signal per primitive gene. These signals are conserved in actual genes by involving additional bases in these dinucleotides (see below).
The low occurrence probability of CG in eukaryotes (Swartz et al., 1962; Russel et al., 1976) may be explained by the methylation of C (5 mC) in the dinucleotides CG with the MTase enzyme and by the spontaneous deamination of 5 mC to give T (Salser, 1977; Coulondre et al., 1978; Bird, 1980) . DNA methylation in eukaryotes is involved in gene regulation (methylation leads to gene repression, non-methylation, to gene activation), genomic imprinting and developmental regulation (Bird, 1986; Li et al., 1993; reviews in Cedar, 1988; Razin & Cedar, 1991; Bird, 1992; Tate & Bird, 1993) . Therefore, the low occurrence probability of CG in primitive eukaryotes (protein genes and introns) may support the idea that the dinucleotide CG would be the gene activity signal of eukaryotes. In agreement, the two methylation mutation dinucleotides, TG and CA (in the other strand), occur with a high probability in primitive eukaryotes (Figs 1 and 4) . CG is paired with the same dinucleotide in the complementary strand. The same function for the dinucleotide and its complementary dinucleotide agrees with the methylation of the CG site in both strands of the DNA (Bird, 1978) . DNA methylation also exists in prokaryotes. However, the methylation sites in prokaryotes are not dinucleotides. Indeed, cytosines (5 mC) and also adenines (6 mA) can be methylated in three sites: CC(A/T)GG (methylation of the second C by the DcM enzyme), AAA(N) 6 GTGC (methylation of the second A by the HsdM enzyme) and GATC (methylation of A by the Dam enzyme) (review in Marinus, 1987) . In contrast to eukaryotes, DNA methylation in prokaryotes is used by restriction-modification systems to distinghish between host and foreign DNA (review in Wilson & Murray, 1991) and by the mismatch repair system to correct errors in DNA replication (review in Modrich, 1991) . The strong difference between eukaryotes and prokaryotes with DNA methylation may explain the absence of low occurrence probability of CG in the primitive prokaryotic protein genes.
The dinucleotide TA is the first dinucleotide of the stop codons TAA and TAG. TAA and TAG are the most important stop codons as the third stop codon TGA can have three other functions which differ from a termination signal. Indeed, TGA can be a tryptophan codon (mitochondria, Mycoplasma, B. subtilis and E. coli) , a cysteine codon (Euplotes octacarinatus) or a selenocysteine codon (vertebrates and prokaryotes) (reviews in Osawa et al., 1992; Hatfield & Diamond, 1993) . TGA is unique in that it can have four functions. Otherwise, TGA can also be a frameshift site (in the release factor-2 gene of E. coli: Craigen & Caskey, 1986) . Therefore, the low occurrence probability of TA in primitive protein genes (eukaryotes, viruses and prokaryotes) may indicate that the dinucleotide TA would be the stop signal of primitive protein genes. The low occurrence probability of TA in primitive introns is consistent with the proposal that TA is a biological signal of primitive proteins genes. TA is paired with the same dinucleotide in the complementary strand.
The dinucleotide GT is the first dinucleotide in the 5' splice site of introns (Mount, 1982; Mount et al., 1992) . GT pairs with the small nuclear RNA (snRNA) U1 in the intron removal process by the spliceosome (Black et al., 1985) . The low occurrence probability of GT in primitive introns may support the idea that the dinucleotide GT would be the start signal of primitive introns. The low occurrence probability of GT in primitive protein genes is consistent with the proposal that GT is a biological signal of primitive introns. Otherwise, the dinucleotide AG which is the last dinucleotide in the 3' splice site of introns (Mount, 1982; Mount et al., 1992) , occurs with a high probability in primitive introns (Fig. 4) . In contrast to GT, AG could not have been a biological signal (a stop signal) of primitive introns. In agreement with this hypothesis, AG also occurs with a high probability in primitive protein genes of eukaryotes and viruses (Figs 1 and 2 ). This result shows an asymmetry of the GT-AG rule and identifies GT as the main intron signal.
Experimental data support this asymmetry. First, no snRNA could have been so far identified to pair with AG. Second, there are two conserved motifs located a few nucleotides upstream AG which may compensate the low specificity of AG: a branch point adenine residue CTRAY (R=A or G, Y=C or T) (Nelson & Green, 1989; Senapathy et al., 1990; Mount et al., 1992) and a polypyrimidine tract (q10) (Mount, 1982) pairing with the snRNA U2 (Black et al., 1985) and the snRNA U2AF (Auxiliary Factor) (Ruskin et al., 1988) respectively. Third, AG is also the last dinucleotide of exons (Mount, 1982; Mount et al., 1992) . The asymmetry of the GT-AG rule proposed allows the primitive exons to be distinguished from the primitive introns. This proposition differs from the hypothesis of a ''proto-splice site'' ancestor leading to a common start signal (GT) and a common stop signal (AG) for the primitive exons and introns (Stephens & Schneider, 1992) .
As AC is the complementary dinucleotide of GT and as the probability variation of AC in the inverse evolutionary sense is similar to the one of GT for each of the four gene populations, the dinucleotides GT and AC can be related to the same biological signal, i.e. the start signal of primitive introns.
AT is the first dinucleotide of the initiator codon ATG. The low occurrence probability of AT in primitive eukaryotic protein genes may imply that it would be the start signal of primitive eukaryotic protein genes. AT should have a low probability for similar reasons as those given for GT. AT does not belong to the dinucleotides with the lowest probabilities Q i (0.15) (Fig. 4) ; however, its probability Q i (0.15) is lower than its actual one, Q i (0) ( Table 1 ). The development of models taking into account different mutation rates in order to increase the maximum number possible of substitutions (the lowest in introns among the four gene populations) may solve this question. In contrast to eukaryotes, AT occurs with a high probability in primitive protein genes of prokaryotes (and viruses) (Figs 2 and 3) . The difference between the protein genes of eukaryotes and those of prokaryotes with AT may be explained by the difference in protein synthesis initiation. In eukaryotes, the small ribosomal subunit scans along the mRNA until it reaches the first ATG (Kozak, 1978 (Kozak, , 1989 Cigan et al., 1988; review in Merrick, 1992) . Therefore, the function of the first dinucleotide AT is important in eukaryotes. In prokaryotes, this dinucleotide has a less important function as the small ribosomal subunit first binds to the Shine-Dalgarno sequence-i.e. a conserved motif of seven nucleotides AGGAGGT located a few nucleotides upstream ATG (Shine & Dalgarno, 1974; Jacob et al., 1987; review in Gualerzi & Pon, 1990 ).
The five rare dinucleotides, CG, TA, GT, AC and AT, which could be biological signals in primitive genes, become, after substitution, common in actual genes. As the substitution process increases (respectively, decreases) the occurrence probability of the rare (respectively, frequent) dinucleotides toward the random situation (probability equal to 1/16), the biological signals associated with the rare dinucleotides are conserved in actual genes by involving additional bases in these dinucleotides, i.e. by increasing the length (the complexity) of the signals. Nevertheless, these dinucleotides keep the most important functions in the actual conserved motifs associated with the biological signals. For example, in actual genes (i) The gene activity site is related to several non-methylated dinucleotides, CG, (islands) in the eukaryotic promoter regions (Bird, 1986) ;
(ii) the start site of eukaryotic coding genes is the conserved codon ATG (in 95% of eukaryotic genes: Kozac, 1987; Cigan & Donahue, 1987) in the less well conserved motif RNN =ATGG (= is the start site, R=A or G, N=A, C, G or T) (Kozak, 1987 (Kozak, , 1989 Cavener & Ray, 1991) ; (iii) the stop site of coding genes is related to the conserved codons TAA and TAG (TGA) in the less well conserved tetranucleotide beginning with a stop codon and ending with T (Brown et al., 1990a, b) ; and (iv) the start site of introns is a conserved motif of nine base length MAG=GTRAGT (= is the splice site, M=A or C) (Senapathy et al., 1990; Mount et al., 1992) entirely involved in the 5' cleavage of introns (Aebi et al., 1987) .
In summary, five dinucleotides could have been biological signals in primitive genes: CG, a gene activity signal of eukaryotes; TA, a stop signal of protein genes; GT or its complementary dinucleotide AC, a start signal of introns; and AT, a start signal of eukaryotic protein genes. In other words, in primitive eukaryotes, there would be three signals in protein genes: AT (a start signal), TA (a stop signal) and CG (a gene activity signal) and one signal in introns: GT or AC (a start signal). In primitive prokaryotes and viruses, it would be one signal in protein genes: TA (a stop signal).
The analytical solutions P i (x) and Q i (y) and their generalization provide a new approach for studying gene mutation as they allow the occurrence probability variation of motifs (dinucleotides, trinucleotides, etc) to be analysed after substitutions (in the evolutionary sense) as well as before substitutions (in the inverse evolutionary sense). They are simple enough to be used directly. Nevertheless, we are currently implementing these analytical solutions in the software AGE (Analysis of Gene Evolution) (Arque`s et al., 1992) .
